Abstract. The objectives of this study were to evaluate self-fertility and to determine the effectiveness of pollinations made over a 4-day period in Japanese snowbell, S. japonicum Sieb. & Zucc. Pollen germination and pollen tube growth were observed in stained styles following cross-and self-pollinations made from 1 day before to 2 days after anthesis. One month after pollination, fruit set averaged 40% in cross-pollinations and 14% in self-pollinations. Two months later, about one-third of the fruit resulting from cross-pollinations had aborted and only one fruit remained from the self-pollinations. This study demonstrated that stigmas of S. japonicum are receptive for at least 4 days and that flowers should be emasculated prior to making controlled cross-pollinations.
The genus Styrax is composed of 130 species of deciduous or evergreen trees and shrubs (Krüssmann, 1984) . Several species are cultivated, but Japanese snowbell (S. japonicum) is the most commercially significant. Native to Japan, China, Korea, Taiwan, and the Philippines, this small deciduous tree is hardy to U.S. Dept. of Agriculture (USDA) hardiness zone 5 (Dirr, 1998) . Its most outstanding ornamental characteristic is the numerous small fragrant bell-shaped flowers that are produced in May to June. The flowers hang beneath the foliage in three-to six-flowered racemes, making the tree particularly attractive when viewed from below. Summer foliage is a lustrous medium to dark green and is generally free of insect and disease problems. The fruit is an ovoid drupe, containing one or two seeds. It may persist into late fall and early winter, but is of only minor ornamental interest. Growing to only 10 m in height, S. japonicum is an ideal tree for use under power lines and in small landscapes (Dirr, 1998; Meyer, 1992; Raulston, 1991) .
A few cultivars of S. japonicum are commercially available in the United States (Dirr, 1998; Raulston, 1991) . 'Issai is a fast-growing selection that was introduced from Japan. Its popularity is based on its ease of rooting and rapid growth. A weeping form, 'Carillon , and a pink-flowered form, 'Pink Chimes , were also introduced from Japan. 'Emerald Pagoda was collected off the southwest coast of Korea by the late J.C. Raulston during a U.S. National Arboretum expedition in 1985. Its leaves are two to four times larger than is typical for the species, and are dark green, thick, and leathery. The flowers are also considerably larger than usual. Other cultivars have been introduced to the United States, but are not currently commercially available.
Despite the outstanding ornamental characteristics of Styrax japonicum cultivars, they are not as widely utilized in the United States as are seed-grown plants of the species. Problems with branch dieback and lack of flowering have been reported for 'Carillon and 'Pink Chimes (Dirr, 1998; Meyer, 1992) . We have frequently observed leaf and flower damage in these two cultivars and 'Emerald Pagoda due to late spring freezes in middle Tennessee (USDA hardiness Zone 6b). Cultivars bred for use in Japanese gardens may not be fully adapted to the various climatic extremes encountered in U.S. landscapes.
Considerable morphological and physiological variability has been observed in seedling populations of S. japonicum (Meyer, 1992; Raulston, 1991) . It may be possible to exploit this genetic variation to breed plants better suited to U.S. growing conditions than the cultivars currently available. However, little information concerning breeding systems and pollination biology of Styrax has been published. A study conducted with S. offi cinale subsp. redivivum (Sugden, 1986) indicated that fruit set was much higher when controlled cross-pollinations were made on the day flowers opened compared to pollinations made 1 d earlier or later. It took 3 d for pollen tubes to grow to the base of the styles in this species. No seed were obtained when S. offi cinale subsp. redivivum flowers were covered with bags to exclude insects, but pollen germination and pollen tube growth were not examined following self-pollinations. Reduced fruit set due to fruit abortion has been reported following self-pollination in S. obassia (Tamura and Hiura, 1998) . Self-pollinated progeny of 'Carillon were reported to exhibit a weeping plant habit (Raulston, 1991) , but no details as to how the self-pollinations were made or their success rate were presented.
Information on the reproductive biology of S. japonicum is needed for use in genetic improvement programs. The objectives of this study were to evaluate self-fertility and to determine the effectiveness of pollinations made over a 4-d period in S. japonicum. Pollination effectiveness was assessed using fruit set and observations of pollen germination and pollen tube growth through styles. In early May 2001, all plants were brought into the greenhouse for controlled pollinations. Plants were kept in the greenhouse under natural daylengths for 1 month after pollinations. Mean daily temperatures in the greenhouse averaged 22 °C, which was 3 °C higher than outside temperatures, during the period that the plants were kept indoors.
Materials and Methods
Individual branches bearing multiple flowers were selected and all open flowers removed. The branches were covered with Del-Net breathable plastic pollination bags (DelStar Technologies, Middletown, Del.). Flowers that were to be used as maternal parents and those that were to serve as pollen donors were allowed to reach anthesis under these protective bags.
Flowers to be used as maternal parents were emasculated 1 d prior to opening (anthesis), based on observations of flower color and size. All other flowers were removed from these branches and bags were placed back over the emasculated flowers. Pollinations were made using flowers that had opened within the prior 24 h. For pollen collection, flowers were removed from the plant and held upright. The anthers were tapped lightly with a pair of fine-tipped forceps, causing large quantities of bright yellow-orange pollen to fall to the base of the flower. The anthers were then removed, and the stigmas of the maternal flowers touched directly to the collected pollen. Each stigma was examined using a ×2-magnifying lens to ensure that pollen transfer had occurred. Bags were placed back over the branches where they remained for 2 weeks.
The seven S. japonicum plants originating from seed-grown material were used as maternal parents and for self-pollinations, while 'Pink Chimes was used as the paternal parent in all cross-pollinations. Pollinations were made on the day of emasculation or 1, 2, or 3 d after emasculation. Since prior 
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observations indicated that anther dehiscence occurs within a few hours of flower opening, the pollination times corresponded to 1 d prior to, the day of, and 1 and 2 d after expected anthesis and pollen shed. Pollination times were randomly distributed among maternal plants, with at least three plants used at each pollination time. All pollinations were made during a 9-d period beginning on 8 May 2001. With the exception of immature flowers that were on the same branches as the flowers that were pollinated, no other flowers were removed from the plants.
Observation of pollen tubes. For observation of pollen tubes, 110 flowers were emasculated. Twenty-five of the flowers were cross-pollinated 1 d after emasculation, while 10 flowers were cross-pollinated at each of the other three pollination times. Self-pollinations were made in a similar manner using the remaining 55 emasculated flowers. Five each of the cross-and self-pollinated flowers that were pollinated 1 d after emasculation were collected 1, 4, and 8 h after pollination. Five flowers were collected 24 and 48 h after pollination from cross-and self-pollinations made 0, 1, 2, and 3 d after emasculation. An additional 10 flowers were emasculated but not pollinated; these were collected 2 d after emasculation.
Flowers were placed into FAA fixative (70% 18 ethanol : 1 formalin : 1 glacial acetic acid) (Johansen, 1940) immediately following collection. After 24 h at room temperature in fixative, flowers were transferred to 70% ethanol, where they were stored for up to 5 months. Prior to staining, the style was excised at the point of attachment to the ovary and rinsed in distilled water. The style with attached stigma was softened using 8 N NaOH for 4 h. The tissue was rinsed in distilled water for 30 min prior to transfer to 0.1% (w/v) aniline blue in 0.1 N K 3 PO 4 for 1 h (Martin, 1959) . The stigma and style were placed on a microscope slide in a drop of stain, squashed under a cover slip, and observed using an Olympus BX-60 microscope (Olympus America, Melville, N.Y.) equipped with a 100-W high-pressure Hg lamp and an U-MNV near-ultraviolet (400-410 nm) filter. Callose plugs were observed as a yellow-green fluorescence and were used to detect growth of the pollen tubes through the styles.
Fruit and seed set. At each of the four pollination times, 50 cross-and 50 self-pollinations were made. An additional 50 flowers were emasculated and bagged, but not pollinated. For the self-and cross-pollinations, all flowers on a branch were enclosed in the same bag. Each pollination type × time of pollination treatment consisted of 4 to 7 bags of flowers; the number of flowers within a bag ranged from 3 to 24. Number of fruit was counted 1 month after the pollinations were made. Number of fruit was recorded again 3 months after pollination. For both time periods, percent fruit set inside each bag was calculated. Fruit were collected 15 weeks after pollinations were made, allowed to dry at 22 °C for 2 to 3 d, at which time the pericarps split open and the seed were collected.
Results and Discussion
Observations of pollen tubes. Styrax japonicum styles were observed to have a central pore through which the germinating pollen tubes grew. These open styles made measurements of pollen tube length difficult as pollen tubes often became displaced during squashing. In addition, while no pollen grains were observed on the stigmas of the emasculated, unpollinated flowers, considerable fluorescence was observed throughout the stylar tissue. While it was easy to distinguish between this background fluorescence and the fluorescence from callose plugs in pollen tubes using higher magnifications (×200), the presence of background fluorescence interfered with pollen tube length measurements. Consequently, pollen tube penetration through the style was recorded not as actual pollen tube lengths but as general observations as to how far down the styles the pollen tubes and fluorescent callose plugs were observed.
Germinating pollen grains were observed on stigmas of flowers cross-pollinated on the day of anthesis and collected 1 h after pollination (Fig. 1A) . By 4 h after pollination, pollen tubes had elongated (Fig. 1B) and penetrated the style. Callose plugs were observed in the upper half of styles collected and fixed 8 h after pollination ( Fig. 1 C and D) . Similar findings at each of the collection times were observed following self-pollinations. Callose plugs were observed at the base of styles collected 24 and 48 h from flowers that had been self-or cross-pollinated 0, 1, 2, and 3 d after emasculation.
Among individual styles, number of callose plugs and pollen tubes varied; however, all of the styles examined in this study showed evidence of pollen germination and/or pollen tube growth. The bright color of the S. japonicum pollen allowed visual verification that pollen had been delivered to stigmas, which may partially explain the high frequency of pollination success.
In S. japonicum, the stigma appears to be receptive to both cross-and self-pollen from at least 1 d prior to 2 d after anthesis. Stigma receptivity may extend outside this 4-d period; however, we previously observed a high frequency of flower abscission among emasculated unpollinated flowers 4 to 5 d after anthesis. Since absolute lengths of pollen tubes were not measured, it is not possible to determine if there were subtle differences in rate of pollen tube growth following self-and cross-pollinations. However, following both self-and cross-pollinations, pollen tubes reached the base of the style by 24 h after pollination. We were unable to determine when pollen tubes had penetrated ovules due to background fluorescence and opacity of the ovules.
Fruit and seed set. Fruit set was observed after one month in cross-and self-pollinations made from 1 d prior to anthesis to 2 d after anthesis (Table 1) . Percentage fruit set varied greatly between bags of pollinations within each treatment. The percentage of cross-pollinations that produced fruit was relatively constant and fairly low across all pollination times. Self-pollinations made on the day of anthesis and 1 d later had a higher percentage fruit set at one month after pollination than those made 1 d prior to and 2 d after anthesis. Ovaries of self-pollinated fruits had enlarged considerably by one month after pollination, but no measurements were made to compare ovary size of self-and cross-pollinated fruit. No fruit were produced from flowers that were emasculated and bagged but not pollinated. This indicates that fruit obtained from controlled pollinations did not result from contamination or parthenocarpic fruit set.
About one-third of the cross-pollinated fruit that were observed 1 month after pollination The final percentage of fruit set among crosspollinations was again fairly constant across the pollination times. Only one fruit resulting from self-pollinations was present when the second fruit count was made. Each cross-and self-pollinated fruit contained one seed, which is typical of S. japonicum even though ovaries usually contain 16 to 24 ovules (Dirr, 1995; Perkins, 1907) . A low fruit : flower ratio has been observed in many plant species. Factors responsible for this phenomenon have been extensively reviewed by Stephenson (1981) . While low fruit set may be the result of a lack of pollinator attraction in native stands, the number of female flowers usually exceeds fruit set even when all flowers are pollinated. Many species initiate far more fruit than are developed to maturity. In most species, abscission of "surplus" fruit occurs in one or more distinct periods of abortion that precede the rapid growth phase of the fruit. While most abortions of undamaged fruit seem to be due to resource limitation, undamaged juvenile fruit may abscise because of genetic or developmental abnormalities. Selective abortion of fruit from self-pollinated flowers has been noted in several species (Bushnell, 1920; Haber, 1928; Murneck, 1954) .
Styrax japonicum fruit counts that were made 1 month after pollination indicated that only 35% of the cross-pollinations and 14% of the self-pollinations had set fruit. By 3 months after pollination, fruit was observed from only 23% of the cross-pollinations and less than 1% of the self-pollinations. It is possible that a higher percentage of fruit set would have been recorded from both the cross-and self-pollinations of S. japonicum if fruit counts had been made sooner than 1 month after pollination. In S. obassia native stands, the number of fruit per inflorescence decreased from 3.2 at 2 weeks after flowering, to 1.9 at 6 weeks after flowering, and to 1.6 by 10 weeks after flowering (Kato and Hiura, 1999) . Removing all flowers that were not used in controlled pollinations to prevent open-pollinated seed from developing and competing for resources may also have increased the percentage of successful controlled pollinations. In summary, S. japonicum stigmas appear to be receptive from at least 1 d before to 2 d after anthesis. From a practical viewpoint, this indicates that all flowers on a branch that appear to be within 1 to 4 d of anthesis can be emasculated at the same time, covered with a protective bag, and pollinated 3 d later. Bulk pollinations and emasculations save time and reduce mechanical injury problems associated with covering and uncovering flowers. Despite the fact that pollen tubes grew down all of the styles that were microscopically examined, low seed and fruit set were recorded following both cross-and self-pollination. This, along with the reduction in fruit numbers that occurred between 1 and 3 months after pollination, indicates fruit abortion occurs in S. japonicum. If fruit resulting from self-pollinations is selectively aborted in this species, greater quantities of self-seed might be obtained by isolating plants during flowering so that only self-pollinations occur. Microscopic evidence of pollen germination and pollen tube growth following self-pollination, supported by a prior report of self-fertility in one S. japonicum cultivar, indicate that S. japonicum flowers should be emasculated when making cross-pollinations if exclusion of self-progeny is desired.
